Introduction
============

Midazolam is a short-acting benzodiazepine that is in wide clinical use for premedication as well as during the perioperative period.[@b1-dddt-9-867] Due to its anticonvulsant activity, midazolam is further effective in the treatment of generalized seizures and status epilepticus.[@b2-dddt-9-867] Even in psychiatric and behavioral emergencies, midazolam has proven to be a useful treatment option that can be applied intramuscularly when intravenous access is not readily available. Midazolam belongs to the group of imidazobenzodiazepines, a newer class of benzodiazepines.[@b3-dddt-9-867] Similar to classic benzodiazepines, it enhances the inhibitory activity of the amino acid neurotransmitter gamma-aminobutyric acid by increasing the flow of chloride ions, which, in turn, potentiates the inhibitory effect of gamma-aminobutyric acid.[@b2-dddt-9-867] When applied intravenously, midazolam is rapidly distributed throughout the body, with a distribution half-time of 6--15 minutes. Drowsiness starts approximately 15 minutes after oral administration and 3 minutes after intravenous application.[@b4-dddt-9-867] When compared with other benzodiazepines, midazolam exhibits the shortest recovery time and a high metabolic clearance.[@b5-dddt-9-867] Midazolam is known to be relatively safe in clinical practice, and the effects on cardiac repolarization have been analyzed in several studies.[@b6-dddt-9-867]--[@b9-dddt-9-867] Interestingly, one of the studies revealed a significant increase of the QTc interval, while another study observed a tendency towards a QT interval prolongation.[@b6-dddt-9-867],[@b9-dddt-9-867]

The human ether-à-go-go-related gene (hERG) encodes the α-subunit of I~Kr~, which represents one of the most important repolarizing ion currents in the human ventricle.[@b10-dddt-9-867] I~Kr~ is thought to be responsible for the termination of the plateau phase in humans.[@b11-dddt-9-867] A decrease of I~Kr~ has been connected with an inherited and an acquired form of the long QT syndrome.[@b12-dddt-9-867]--[@b14-dddt-9-867] It is well recognized that hERG channel inhibition may critically prolong ventricular repolarization, thereby favoring the induction of torsade de pointes tachycardia, especially in patients with a reduced repolarization reserve.

So far, midazolam has been shown to exert inhibitory effects on calcium as well as potassium channels.[@b15-dddt-9-867]--[@b17-dddt-9-867] However, the inhibitory effects of midazolam on cardiac hERG channels have not been studied as yet. Here we show that midazolam is a low-affinity inhibitor of cardiac hERG channels without additional effects on channel trafficking.

Materials and methods
=====================

Solutions and drug administration
---------------------------------

Double-electrode voltage clamp experiments were performed in Xenopus oocytes using a standard external solution containing (in mM) 5 KCl, 100 NaCl, 1.5 CaCl~2~, 2 MgCl~2~, and 10 HEPES (pH adjusted to 7.4 with NaOH). Electrodes were back-filled with 3 M KCl solution. Midazolam was purchased from Roche (Grenzach, Germany), and stored and handled according to the manufacturer's specifications. On the day of the experiment, stock solution was further diluted to the desired concentration with external solution. Having obtained a control measurement, electrodes were carefully removed from the oocyte and cells were placed in 10 mL plastic dishes for drug incubation. After a period of 30 minutes, cells were again placed into the recording chamber and the experiment was repeated. Only for the analysis of the time course of block development, midazolam was added to the bath solution while the cells were continuously attached to the micropipettes. Whole cell patch-clamp experiments were performed in a HEK 293 cell line stably expressing hERG channels using an a standard external solution containing (in mM) 140 NaCl, 5 KCl, 1 MgCl~2~, 10 HEPES, 1.8 CaCl~2~, 10 glucose (pH adjusted to 7.4 with NaOH) and a pipette solution containing (in mM) 100 K-aspartate, 10 KCl, 2 MgCl~2~, 1 CaCl~2~, 10 EGTA, 10 HEPES, and 40 glucose (pH adjusted to 7.2 with KOH). All electrophysiological experiments were performed at room temperature (22°C).

Heterologous expression of hERG channel subunits in Xenopus oocytes
-------------------------------------------------------------------

The hERG clone (GenBank accession number u04270) was a generous gift from MT Keating (Boston, MA, USA). Complementary hERG RNA was prepared from hERG complementary DNA with the mMESSAGE mMACHINE in vitro transcription kit (Ambion, Spitfire Close, Huntingdon, UK) by use of SP6 polymerase after linearization with EcoRI (Roche, Mannheim, Germany). Generation of the hERG pore mutations Y652A and F656A has been described elsewhere.[@b18-dddt-9-867] Only stage V and VI defolliculated oocytes were used for RNA injection. The volume of injected complementary RNA was 50 nL per oocyte. Measurements were carried out 1--3 days after complementary RNA injection. The investigation was approved by the regional administrative council and conforms to the Guide for the Care and Use of Laboratory animals published by the US National Institutes of Health (publication No 85-23, revised 1996).

Heterologous expression of hERG channel subunits in a HEK cell line
-------------------------------------------------------------------

The HEK cell line stably expressing hERG channels was generously provided by Barbara A Wible (Cleveland, OH, USA). Cells were cultured in Dulbecco's Modified Eagle's Medium (Invitrogen, Waltham, MA, USA) supplemented with 10% fetal bovine serum, 100 U/mL penicillin G sodium, 100 μg/mL streptomycin sulfate, and 100 μg/mL gentamicin in an atmosphere of 95% humidified air and 5% CO~2~ at 37°C. Cells were passaged regularly with trypsin/ethylenediaminetetraacetic acid and subcultured in 3 mL dishes prior to treatment.

Electrophysiological experiments and data analysis
--------------------------------------------------

In Xenopus oocytes, hERG currents were obtained using the double-electrode voltage clamp technique as reported before.[@b19-dddt-9-867] Tip resistances of microelectrodes ranged from 1 to 5 MΩ. Data were low-pass filtered at 1--2 kHz (−3 dB, four-pole Bessel filter) before digitalization at 5--10 kHz. Recordings were performed using a commercially available amplifier (OC-725A, Warner Instruments, Hamden, CT, USA) and the pCLAMP software package (Molecular Devices, Sunnyvale, CA, USA). For control patch-clamp experiments, cells were transferred from the incubator into a recording chamber which was continuously superfused with bath solution. Single cells were selected for measurements. For studying the effect of midazolam on hERG, HEK cells were incubated with different midazolam concentrations for 30 minutes before they were transferred to the recording chamber. Pipettes with resistances of 3--4 MΩ and a RK-400 amplifier (Bio-Logic SAS, Claix, France) were used for current measurements. Data were analyzed using the pCLAMP software package. Concentration-response curves were fitted with a Hill function: Y = A1+ {\[A2−A1\]/\[1+10^∧^log (X0 − X)\*nH\]} with A1 being the bottom asymptote, A2 being the top asymptote, logX~0~ being the center, and nH being the Hill slope. Activation and inactivation curves were fitted with a Boltzmann function: Y = {{(A1−A2)/\[1+ (e^∧^ (X − X0)/k)\]} + A2}, with A1 being the initial value, A2 being the final value, X~0~ representing the half-maximal activation potential, Y being the degree of activation, and k being the slope factor.

Statistical data are expressed as the mean ± standard error, with n representing the number of experiments performed. The independent Student's *t*-test or analysis of variance using the Bonferroni correction were used to evaluate statistical significance. Differences were considered to be statistically significant when the *P*-value was \<0.05.

Western blot analysis
---------------------

The effects of midazolam on hERG channel trafficking were analyzed as reported before.[@b20-dddt-9-867] Briefly, a HEK cell line stably expressing hERG channels was used for analysis. Increasing midazolam concentrations (1, 3, 10, 30, and 100 μM) as well as 100 μM As~2~O~3~, which served as a positive control, were diluted in Dulbecco's Modified Eagle's Medium (Invitrogen). Cells were incubated with each solution at 37°C for 24 hours prior to protein extraction. For control measurements, pure Dulbecco's Modified Eagle's Medium was used. Cells were washed with phosphate-buffered saline and subsequently harvested with RIPA buffer (50 mM Tris, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, and 1% Triton) supplemented with 1 mM phenylmethylsulfonyl fluoride and complete protease puffer (Roche, Germany). Using the bicinchoninic acid (BCA) technique (Pierce BCA Protein Assay Kit, Thermo Scientific, Waltham, MA, USA), the individual protein concentration was quantified. Proteins (20 μg per sample) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (8% polyacrylamide) and transferred to a polyvinylidene fluoride membrane. For detecting hERG bands, blots were probed with a rabbit polyclonal anti-Kv11.1 antibody (Alomone Labs, Jerusalem, Israel, 1:400) and signals were detected by chemiluminescence. Blots were quantified using the gel analysis feature of ImageJ (National Institutes of Health, Bethesda, MD, USA).

Results
=======

Midazolam inhibits heterologously expressed hERG channels
---------------------------------------------------------

To investigate the inhibitory effects of midazolam on cloned hERG potassium channels, double-electrode voltage clamp experiments were performed in Xenopus oocytes heterologously expressing hERG channels. From a holding potential of −80 mV, variable test pulses from −70 mV to +70 mV in 10 mV increments (2,000 msec) were applied. This first variable voltage step was followed by a constant return pulse to −50 mV (2,000 msec) eliciting typical outward tail currents. Having obtained a control measurement ([Figure 1A](#f1-dddt-9-867){ref-type="fig"}), cells were incubated with 200 μM midazolam and the measurement was repeated ([Figure 1B](#f1-dddt-9-867){ref-type="fig"}). Application of 200 μM midazolam significantly reduced the hERG activation current by 43.0%±3.4% and the hERG tail current amplitude by 52.1%±1.9% (n=6). [Figure 1C](#f1-dddt-9-867){ref-type="fig"} depicts the current-voltage relationship (I--V curve) established at the end of the first pulse (at first dashed line in [Figure 1A and B](#f1-dddt-9-867){ref-type="fig"}). In Xenopus oocytes, hERG channel activation occurred at a membrane potential of approximately −30 mV. The hERG activation current reached its maximum at approximately +20 mV. As a measure of channel activation, [Figure 1D](#f1-dddt-9-867){ref-type="fig"} displays the current voltage relationship of peak tail current amplitude (established at the second dashed line in [Figure 1A and B](#f1-dddt-9-867){ref-type="fig"}) versus the potential of the preceding voltage step. In order to obtain the half-maximal activation voltage, a Boltzmann function was fitted to the data, yielding a half-maximal activation voltage of −9.2±0.59 mV for control conditions and −12.6±1.0 mV after midazolam incubation. There was a small shift of the half-maximal activation potential towards more negative potentials (*P*\<0.05, n=6).

Concentration dependence of midazolam-induced hERG block
--------------------------------------------------------

To study the concentration dependence of block, cells were incubated with increasing midazolam concentrations. Starting from a holding potential of −80 mV, a variable test pulse to between −70 mV and +70 mV (10 mV increment, 400 msec) was applied. Each pulse was followed by a constant return pulse to −120 mV (400 msec) eliciting large inward tail currents. An exemplary current trace (step to +70 mV) is displayed in [Figure 2A](#f2-dddt-9-867){ref-type="fig"}. Increasing midazolam concentrations (10, 30, 100, 200, 300, and 1,000 μM) resulted in a reduction of peak hERG current by 0.01%±9.12%, 20.89%±15.5%, 41.1%±18.66%, 51.13%±11.41%, 66.91%±9.18%, and 87.57%±3.45%, respectively (n=6--9; [Figure 2B](#f2-dddt-9-867){ref-type="fig"}). When fitted with a Hill function, the IC~50~ was 170±22.3 μM (n~H~ =1.0). In order to analyze the physiological relevance of our findings, we next analyzed the inhibitory effects of midazolam on hERG channels stably expressed in a mammalian cell line (HEK). Using the whole-cell patch clamp technique, current density was obtained. Starting from a holding potential of −80 mV, cells were depolarized by a first voltage step (400 msec, 90 mV) that was followed by a return pulse to −120 mV (400 msec) to elicit large tail currents. Again, inhibitory effects of increasing midazolam concentrations (1, 10, 30, and 100 μM) were analyzed. For instance, 10 and 30 μM midazolam reduced the hERG tail current by 48.69%±3.68% and 63.26%±2.41%, respectively n=6--7; [Figure 2C](#f2-dddt-9-867){ref-type="fig"}). A representative current trace under control conditions and after incubation with 10 μM midazolam is displayed in the inset. In the HEK cell line, the IC~50~ of inhibition yielded 13.6±30 μM (n~H~ =0.4±0.36, n=6--7).

Effects of midazolam on channel inactivation
--------------------------------------------

The effects of midazolam on channel inactivation were analyzed using a double-step voltage protocol as reported previously.[@b21-dddt-9-867],[@b22-dddt-9-867] A first depolarizing step to +40 mV served to fully activate and inactivate the channels. This step was followed by a variable return pulse to potentials between −140 mV and +80 mV (500 msec duration, 20 mV increment; [Figure 3A](#f3-dddt-9-867){ref-type="fig"}, inset). During this second voltage step, channels quickly redistributed to their activated and inactivated states ([Figure 3A and B](#f3-dddt-9-867){ref-type="fig"}). In order to correct for channel deactivation, single exponentials or double exponentials were fitted to the deactivating current traces and extrapolated to the beginning of the second voltage step (see dashed lines and arrows in [Figure 3A](#f3-dddt-9-867){ref-type="fig"}). [Figure 3C](#f3-dddt-9-867){ref-type="fig"} displays the current-voltage relationship of corrected tail current amplitudes under control conditions and after incubation with 200 μM midazolam. When dividing the current amplitude by the corresponding electrochemical driving force, steady-state inactivation curves could be established.[@b22-dddt-9-867] Inactivation curves for control conditions and after midazolam incubation are displayed in [Figure 3D](#f3-dddt-9-867){ref-type="fig"}. When fitted with a Boltzmann function, the half-maximal inactivation voltage could be obtained, yielding a V~1/2~ of −29.2±3.8 mV for control conditions and −31.3±13.4 mV for midazolam incubation. There was no significant difference between these values (n=6, *P*\<0.05).

State dependence of midazolam-induced hERG block
------------------------------------------------

For most drugs tested so far, open channel block of hERG has been suggested.[@b23-dddt-9-867] As published previously, two different voltage protocols were applied in order to qualitatively analyze the state dependence of hERG channel inhibition.[@b20-dddt-9-867],[@b24-dddt-9-867],[@b25-dddt-9-867] For each voltage protocol, a measurement before and after drug incubation was performed, and development of block was calculated by division. First, using a long depolarizing voltage step to 0 mV (6 seconds), cells were depolarized ([Figure 4A](#f4-dddt-9-867){ref-type="fig"}). Having obtained a control measurement, cells were kept in their closed state at a holding potential of −80 mV. Cells were then incubated with 200 μM midazolam for 30 minutes and the protocol was repeated. The time course of block development was calculated by division and evaluated qualitatively ([Figure 4B](#f4-dddt-9-867){ref-type="fig"}, representative experiment of n=7). The time course of inhibition appeared in a typical time-dependent manner characteristic for an open channel inhibitor.

Next, a second voltage protocol was applied to analyze whether midazolam is able to inhibit hERG channels in their inactivated states. Cells were first inactivated by a long voltage step to +80 mV (3.5 seconds). A return pulse to 0 mV (3.5 seconds) then served to reactivate channels. A typical current trace before and after incubation with 200 μM midazolam is displayed in [Figure 4C](#f4-dddt-9-867){ref-type="fig"} (representative experiment of n=8). Again, fractional block (during the second voltage step) was calculated by division and evaluated by qualitative assessment ([Figure 4D](#f4-dddt-9-867){ref-type="fig"}). Interestingly, no time dependence of block development could be observed during the process of channel reopening, thereby underlining the hypothesis that midazolam blocks hERG channels in the open and inactivated but not closed states.

Onset and frequency dependence of block
---------------------------------------

To obtain the time course of block development under midazolam application, test pulses to +30 mV (400 msec) were applied at a frequency of 0.033 Hz, each followed by a return pulse to −60 mV (400 msec) to elicit outward tail currents. Peak tail current amplitude was followed to quantify the time dependence of block. After a control period of 1--2 minutes, 300 μM midazolam was applied ([Figure 5A](#f5-dddt-9-867){ref-type="fig"}). Onset of block was rapidly reaching half maximal inhibition approximately 4 minutes after drug application ([Figure 5A](#f5-dddt-9-867){ref-type="fig"}). These results underline that the chosen incubation period of 30 minutes is well suited for analysis of the inhibitory effects of midazolam. To further analyze the frequency dependence of block, cells were subject to repetitive pulsing at different frequencies (1, 0.5, and 0.33 Hz) for 60 seconds. From a holding pulse of −80 mV, a depolarizing voltage step to +20 mV (300 msec) served to activate hERG channels. A return pulse to −40 mV (300 msec) then followed to elicit tail currents. Having obtained a control measurement, the oocyte was exposed to 200 μM midazolam for 30 minutes and the protocol was repeated. Peak tail currents before and after incubation were quantified (n=5). A representative trace before and after midazolam incubation is shown as an inset in [Figure 5B](#f5-dddt-9-867){ref-type="fig"}. Relative current after midazolam inhibition was calculated for every fifth second. Midazolam-induced inhibition did not exhibit significant frequency dependence (n=5, *P*\>0.05).

S6 domain mutations F656A and Y652A attenuate inhibitory effects of midazolam
-----------------------------------------------------------------------------

The two aromatic amino acids F656 and Y652 located in the S6 domain of hERG play a major role in the binding properties of most hERG inhibitors.[@b18-dddt-9-867],[@b26-dddt-9-867] The inhibitory effects of 200 μM midazolam on wild-type hERG and on both hERG mutants were compared using a standard double-step voltage protocol (see inset in [Figure 6A](#f6-dddt-9-867){ref-type="fig"}). Under control conditions (incubation with standard external solution) a run up to 117.89%±18.42% could be observed ([Figure 6D](#f6-dddt-9-867){ref-type="fig"}, n=7). In wild-type hERG, the effect of midazolam caused a current reduction to 48.87%±4.03% of initial tail current amplitude ([Figure 6A, D](#f6-dddt-9-867){ref-type="fig"}, n=9). As expected, inhibition was significantly attenuated for Y652A and F656A hERG, yielding a reduction of only 18.65%±5.18% for Y652A and even a run up of 4.2%±9.88% for F656A ([Figure 6B--D](#f6-dddt-9-867){ref-type="fig"}, n=6).

Midazolam does not affect hERG channel cell surface expression
--------------------------------------------------------------

Several inhibitors of hERG channels have been associated with a reduction in the surface expression of hERG channels.[@b20-dddt-9-867],[@b27-dddt-9-867] To analyze the effects of midazolam on hERG channel trafficking, we used the Western blot technique. HEK cells stably expressing hERG channels were incubated for 24 hours with either control medium, 100 μM As~2~O~3~ as a positive control, or increasing midazolam concentrations (1, 3, 10, 30, 100 μM). [Figure 7](#f7-dddt-9-867){ref-type="fig"} (upper panel) shows a representative result of Western blot analysis. Under control conditions, two protein bands could be observed: a first band at 135 kDa representing the core glycosylated hERG protein and a second band at 155 kDa representing complex glycosylated hERG protein. To determine the effect of midazolam on hERG channel surface expression, the amount of complex glycosylated hERG protein was divided by the amount of core glycosylated hERG protein. Compared with control conditions, treatment with As~2~O~3~ (100 μM) resulted in a strong reduction of channel surface expression by 77.83%±3.4% ([Figure 7](#f7-dddt-9-867){ref-type="fig"}, lane 1, n=3 blots). In contrast, incubation with increasing midazolam concentrations (1, 3, 10, 30, 100 μM) did not result in a significant reduction of the 155 kDa hERG ([Figure 7](#f7-dddt-9-867){ref-type="fig"}, lines 3--8, n=3, *P*\<0.05, analysis of variance).

Discussion
==========

To the best of our knowledge, this is the first study analyzing the acute and subacute effects of the anesthetic midazolam on heterologously expressed hERG channels. Midazolam exhibits characteristics of a typical open channel inhibitor without relevant effects on hERG channel gating kinetics. Further, channel surface expression was not significantly affected by midazolam. These results add to the understanding of the pharmacological profile of midazolam.

Biophysical properties of hERG block by the anesthetic midazolam
----------------------------------------------------------------

We found that midazolam inhibits cloned hERG channels in a dose-dependent manner, yielding an IC~50~ of 170 μM in Xenopus oocytes. This concentration may appear quite high. However, it has to be considered that concentrations used in Xenopus oocytes are known to be up to 30 times higher than those needed in mammalian cells in order to achieve comparable effects. This phenomenon is well appreciated and has been mainly attributed to diffusion barriers caused by the vitteline membrane and yolk sac of Xenopus oocytes.[@b28-dddt-9-867] To further underline the physiological relevance of our findings, we analyzed the effects of midazolam on hERG channels heterologously expressed in a mammalian cell line (HEK). As expected, the inhibitory effect was more pronounced in these cells, yielding an IC~50~ of 13.6 μM. Our results are in line with previously published data regarding the pharmacological effects of midazolam on other ion channels. Yamakage et al found that midazolam inhibits calcium channels with an IC~50~ of 10 μM.[@b15-dddt-9-867] These data correspond well to the observed effects of midazolam on the transient outward potassium current I~Kto~ (23%±3% reduction by 60 μM midazolam).[@b16-dddt-9-867]

By analyzing the pharmacological properties of inhibition, we found that midazolam causes a significant shift of the half-maximal activation voltage of hERG channels towards more negative potentials. However, this effect was small and therefore unlikely to be of physiological relevance.

There was no significant effect on the half-maximal inactivation voltage of hERG channels. Midazolam-induced hERG blockade was state-dependent, with inhibition occurring in the open and inactivated but not closed states. State dependence of block is a common finding among hERG channel inhibitors.[@b18-dddt-9-867],[@b27-dddt-9-867],[@b29-dddt-9-867] Further, it has been shown by Mitcheson et al that most hERG inhibitors bind to distinct aromatic residues located within the pore cavity of hERG.[@b18-dddt-9-867],[@b26-dddt-9-867] For midazolam, we found that the inhibitory effects are significantly attenuated when exchanging the residues Y652 and F656 to alanine. To further analyze the exact binding properties of midazolam, an in silico docking analysis might be helpful. A novel powerful algorithm has just been published by Anwar-Mohamed et al.[@b30-dddt-9-867] These newer computational models might serve as powerful tools to analyze and even predict hERG liability. Taken together, our results show that midazolam acts as a typical open channel inhibitor of hERG channels. Analyzing the subacute effects of midazolam on channel surface expression of hERG channels, we further found that channel trafficking is not significantly attenuated.

Clinical implications
---------------------

It is well recognized that intravenous anesthetics may have cardiovascular side effects.[@b31-dddt-9-867]--[@b34-dddt-9-867] For example, application of midazolam reduces systolic and diastolic blood pressure and increases heart rate.[@b35-dddt-9-867] The effects of midazolam on the corrected QT interval have been analyzed in several clinical studies. Whereas Michaloudis et al did not observe any effect on the QTc interval, others, including Saarnivaara et al found that midazolam prolonged repolarization.[@b6-dddt-9-867]--[@b8-dddt-9-867] Owczuk et al found a small increase in the QTc interval, but this was not significant.[@b9-dddt-9-867] The inhibitory effects on cardiac hERG channels have already been observed for other anesthetics, eg, ketamine (IC~50~ =12.05±1.38 μM) and articaine (IC~50~ =224±6 μM).[@b36-dddt-9-867]--[@b38-dddt-9-867] However, the inhibitory effects of midazolam on heterologously expressed hERG channels have not previously been described.

In clinical practice, the midazolam dose recommended for induction of anesthesia is 0.2--0.4 mg/kg by intravenous application. Crevat-Pisano et al reported that peak concentrations of up to 1.1 μg/L can be observed, which correspond to 3.4 μM midazolam.[@b39-dddt-9-867] Nevertheless, it has to be taken into account that peak plasma concentrations during induction vary widely depending on individual factors, such as metabolism, age, and sex.[@b3-dddt-9-867] Midazolam is rapidly distributed after intravenous injection, with a distribution half-time ranging between 6 and 15 minutes.[@b40-dddt-9-867] Due to its lipophilic properties, midazolam tends to accumulate in adipose tissue. As a result, a prolonged elimination half-life has been observed in obese patients.[@b41-dddt-9-867] Also, for reasons that are still unknown, a small portion of the healthy population exhibits a prolonged elimination half-time of more than 7 hours.[@b42-dddt-9-867] We found that midazolam inhibited heterologously expressed cardiac hERG channels in a mammalian cell line (HEK) in a dose-dependent manner, yielding an IC~50~ of 13.6 μM. Considering the above-mentioned modulating factors, midazolam might result in a small inhibition of hERG channels at therapeutic dosages. Thus, from a clinical point of view, pronounced effects of midazolam on cardiac repolarization seem unlikely. These data correspond well to the reported variable and rather small effect of midazolam on the QTc interval. However, within this context, it needs to be mentioned that midazolam exerts inhibitory effects on a variety of ion channels that might counterbalance or even aggravate its pharmacological effects on cardiac electrophysiology.

Conclusion
==========

In the present study, we analyzed the inhibitory effects of the anesthetic midazolam on cloned hERG channels. We found that midazolam acts as a low-affinity inhibitor of hERG channels without additional effects on channel surface expression. These findings add to the current understanding of the pharmacological profile of this compound.
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![Midazolam inhibits heterologously expressed hERG channels.\
**Notes:** (**A**) A typical family of hERG outward currents elicited by a double-stage voltage protocol. (**B**) Incubation with midazolam resulted in a reduction of hERG currents. (**C**) The corresponding activating current amplitude measured at the end of the first test pulse (first dashed lines in **A** and **B**) as a function of the test pulse potential. (**D**) hERG activation curve: tail current amplitudes (at second dashed lines in **A** and **B**) are shown as a function of the preceding test pulse potential. Midazolam significantly shifted the half-maximal activation voltage of the hERG channels (control −9.17±0.59 mV; midazolam −12.58±0.99 mV). Protocol: holding potential −80 mV, test pulse −70 to +70 mV (2,000 msec) in 10 mV increments, return pulse to −50 mV (2,000 msec). Of note, only every second voltage step is displayed in (**A**) and (**B**) in order to achieve a clearer presentation.\
**Abbreviation:** hERG, human ether-à-go-go-related gene.](dddt-9-867Fig1){#f1-dddt-9-867}

![Concentration dependence of midazolam-induced hERG block.\
**Notes:** (**A**) To determine the concentration dependence of midazolam-induced block, a standard voltage protocol was used, eliciting large inward tail currents (see inset). Exemplary current traces elicited by a voltage step to 70 mV prior and after midazolam incubation (100 μM) are displayed. (**B**) Midazolam inhibited hERG channels in a concentration-dependent manner, yielding an IC~50~ of 170 μM and a Hill slope of 1.0. Protocol: repetitive pulsing at a frequency of 0.1 Hz, holding potential −80 mV, variable test pulses between −70 mV and +70 mV (400 msec, 10 mV increment), and return pulses to −120 mV (400 msec). (**C**) When analyzed in a mammalian cell line (HEK), the inhibitory effects of midazolam were more pronounced, resulting in a current reduction by 49% and 63% (10 and 30 μM, respectively). A representative current trace under control conditions is shown as an inset.\
**Abbreviation:** hERG, human ether-à-go-go-related gene.](dddt-9-867Fig2){#f2-dddt-9-867}

![Effects of midazolam on channel inactivation.\
**Notes:** (**A**) In order to analyze the effects of midazolam on steady-state inactivation, a double-step voltage protocol was used (see inset). A typical family of current traces is displayed for control conditions (**A**) and after application of 200 μM midazolam (**B**). Current traces were corrected for channel deactivation by extrapolation to the beginning of the second voltage step (see dashed lines and arrows in **A**). (**C**) Current-voltage relationship of tail current amplitude. Steady-state inactivation was obtained by dividing the current amplitude by the electrochemical driving force (**D**). Midazolam did not significantly affect the half-maximal inactivation voltage of hERG channels. Protocol: holding potential −80 mV, first test pulse to +40 mV (one second), second test pulse between −140 to +40 mV (20 mV increment, 500 msec).\
**Abbreviation:** hERG, human ether-à-go-go-related gene.](dddt-9-867Fig3){#f3-dddt-9-867}

![State dependence of midazolam-induced hERG block.\
**Notes:** To investigate the state dependence of hERG channel inhibition, two different voltage protocols were chosen. First, oocytes were depolarized from a holding potential of −80 mV using a long pulse to 0 mV (6 seconds). (**A**) Exemplary activating current traces are displayed for control conditions and after incubation with 200 μM midazolam. Fractional block was then calculated by division and plotted versus time (**B**). Within the first seconds, fractional block proceeded in a time-dependent manner, pointing to an open channel block by midazolam. (**C**) Next, a double-step voltage protocol was applied. From a holding potential, channels were activated and inactivated by a long voltage step to +80 mV (3,500 msec). This step was followed by a second step to 0 mV (3,500 msec). Normalized relative current during the second voltage step is displayed in (**D**). In contrast with (**B**), no further development of block could be observed.\
**Abbreviation:** hERG, human ether-à-go-go-related gene.](dddt-9-867Fig4){#f4-dddt-9-867}

![Onset and frequency dependence of block.\
**Notes:** (**A**) Onset of block was recorded over a period of 30 minutes, using a double-step voltage protocol. Protocol: holding potential −80 mV, first step to +30 mV (400 msec), return pulse −60 mV (400 msec), frequency 0.033 Hz. Peak tail current amplitude was followed to determine the degree of inhibition. Block development was fast, reaching half maximal inhibition at approximately 4 minutes after initiation of midazolam application (n=6). (**B**) To analyze the frequency dependence of block, pulses were applied at frequencies of 1, 0.5, and 0.33 Hz for 60 seconds. Exemplary current traces for the first and last repetitions at a pacing rate of 1 Hz after midazolam incubation as well as the potential protocol are displayed as an inset. Relative current after midazolam incubation is displayed as a function of time. No frequency dependence of block could be observed. Protocol: holding potential −80 mV, first step to +20 mV (300 msec), return pulse −40 mV (300 msec).](dddt-9-867Fig5){#f5-dddt-9-867}

![Mutations of the aromatic pore residues F656A and Y652A affect the inhibitory effects of midazolam.\
**Notes:** (**A**--**C**) Exemplary current traces before and after incubation of midazolam in hERG WT as well as in Y652A hERG and F656A hERG. (**D**) Gives an overview of the observed effects. Compared with hERG WT, the inhibitory effects of midazolam were significantly attenuated in mutant hERG channels. Protocol: holding potential −80 mV, first pulse to +70 mV (400 msec), second pulse to −120 mV (400 msec).\
**Abbreviations:** hERG, human ether-à-go-go-related gene; WT, wild-type.](dddt-9-867Fig6){#f6-dddt-9-867}

![Midazolam does not attenuate hERG channel surface expression. Effects of midazolam on channel surface expression analyzed by the Western blot technique (upper panel). Image density of the 155 kDa hERG form divided by the 135 kDa hERG form was determined to quantify channel surface expression (lower panel). Incubation with 100 μM As~2~O~3~ served as a positive control. Compared with control conditions (lane 2), increasing midazolam concentrations (lanes 3--7) did not result in a significant change of channel surface expression.\
**Abbreviation:** hERG, human ether-à-go-go-related gene.](dddt-9-867Fig7){#f7-dddt-9-867}
